BACKGROUND: Acute kidney injury (AKI) after coronary artery bypass graft (CABG) surgery is associated with increased postoperative morbidity and mortality. We hypothesized that increased plasma neutrophil gelatinase-associated lipocalin (NGAL) measured immediately after separating from cardiopulmonary bypass (CPB) would predict AKI after CABG surgery. METHODS: In a retrospective observational study, we examined the value of plasma NGAL measured after CPB for predicting the risk of developing AKI (defined as a Ն50% increase in serum creatinine from preoperative levels) in 879 patients after CABG surgery using multivariable logistic regression. Area under the curve of receiver operating characteristic curves was analyzed to assess sensitivities, specificities, and cutoff points for postoperative plasma NGAL levels to predict AKI. RESULTS: Seventy-five patients (8.6%) developed postoperative AKI. Plasma NGAL levels measured after CPB were higher in patients who subsequently developed AKI than in those who did not (AKI: 268.8 ng/mL [207.5-459.5 ng/mL], median [interquartile range], vs no AKI: 238.4 ng/mL [172.0 -319.1 ng/mL]; P Ͻ 0.001) and remained higher through postoperative day 4. An optimal serum plasma NGAL cutoff of 353.5 ng/mL at the post-CPB time point had a sensitivity of 38.7%, specificity of 81.5%, and a positive predictive value of 16.3% for predicting AKI. In our multivariate regression model, post-CPB plasma NGAL levels Ͼ353.5 ng/mL were independently associated with postoperative AKI (odds ratio, 2.3; 95% confidence interval, 1.5-6.5; P ϭ 0.002). CONCLUSION: An early increase of post-CPB plasma NGAL is associated with AKI in adult patients undergoing CABG surgery, although the sensitivity is low. Therefore, assessing early plasma NGAL alone has limited utility for predicting AKI in this patient population. (Anesth Analg 2010;110:1541-7) 
A cute kidney injury (AKI) occurs in up to 30% of adult patients after coronary artery bypass graft (CABG) surgery with cardiopulmonary bypass (CPB), and it is associated with increased mortality, longer hospital length of stay, and greater resource utilization. [1] [2] [3] [4] Although clinical risk factors associated with AKI after cardiac surgery have been identified, [5] [6] [7] current biomarkers of renal dysfunction lack diagnostic sensitivity in the early postoperative period. 8 Most notably, serum creatinine may not peak until several days after tubular insult, potentially delaying diagnosis and possible treatment of renal injury. 9 Thus, there is a strong need to identify early and reliable markers of postoperative kidney dysfunction.
Animal studies have demonstrated an increase in urinary neutrophil gelatinase-associated lipocalin (NGAL) expression after renal ischemic injury. 10 Subsequent clinical studies have shown increased urinary NGAL levels to be highly sensitive and specific for predicting postoperative AKI as early as 2 hours after pediatric cardiac surgery. 11 More recently, Wagener et al. 12 demonstrated a significant association between increased urinary NGAL levels and AKI in adult cardiac surgical patients. Despite this correlation, further analysis revealed a low sensitivity of urinary NGAL for predicting postoperative AKI in this adult cardiac surgical cohort.
The value of early plasma NGAL levels as a predictive marker of postoperative AKI in adult cardiac surgical patients is not known. Therefore, our aim was to evaluate the utility of early postoperative plasma NGAL levels for predicting postoperative AKI in adult patients undergoing CABG surgery with CPB.
METHODS

Study Design and Patient Population
Consecutive patients scheduled for primary, CABG-only surgery at the Brigham and Women's Hospital, Boston, MA, and the Texas Heart Institute, St. Luke's Episcopal Hospital, Houston, TX, between August 2001 and June 2007 were eligible for enrollment into the CABG Genomics Program (http://clinicaltrials.gov/show/NCT00281164). CABG Genomics is an IRB-approved prospective observational study examining adverse outcomes after CABG surgery. All patients gave written informed consent before enrollment. Exclusion criteria for enrollment into the parent study were age Ͻ20 years, preoperative hematocrit Ͻ25%, and history of leukocyte-rich blood product transfusion Յ30 days before surgery. To address the specific aim of this study, patients with a history of preoperative renal replacement therapy, undergoing off-pump CABG surgery, receiving intraoperative aprotinin therapy, or missing preoperative serum creatinine or post-CPB plasma NGAL values were excluded from analysis.
Study Protocol
Demographic data, preoperative risk factors, and perioperative surgical and anesthetic management were recorded for all patients. Arterial whole blood samples were obtained preoperatively, immediately after separation from CPB, and on the 4 consecutive days after surgery (postoperative days [PODs] 1-4) and preserved in plastic tubes containing EDTA. Blood samples were immediately centrifuged at 2800 rpm for 15 minutes at 4°C, and plasma was aliquoted and stored in liquid-phase nitrogen (approximately 190°C). Batched samples were sent to Biosite (San Diego, CA) for analysis of plasma NGAL and serum creatinine. Plasma NGAL was measured using Triage NGAL, a fluorescence-based immunoassay, in conjunction with the Triage Meter (Biosite, San Diego, CA). 13 The Triage NGAL has a minimal detectable dose of 60 ng/mL and an upper range end of 2000 ng/mL. Serum creatinine was measured preoperatively and on PODs 1 to 4 using a buffered kinetic Jaffe reaction without deproteinization, with a measuring range for this assay of 0.17 to 24.9 mg/dL (Cobas C systems, Roche Diagnostics, Tucson, AZ). 14, 15 To maintain consistency with previously published literature, AKI was defined as a Ն50% increase from baseline in postoperative serum creatinine level during the first 4 PODs above the preoperative baseline measurement. 16 
Statistical Analysis
Areas under the curve of receiver operating characteristic (ROC) curves were analyzed to assess the optimal cutoff value for postoperative plasma NGAL levels for predicting AKI. The optimal NGAL cutoff level was defined as the value that provided the highest sensitivity and specificity for predicting AKI. Wilcoxon rank sum test and Fisher exact test were used to compare continuous and categorical variables, respectively. To adjust for clinical risk factors for postoperative AKI, variables with P Յ 0.20 on univariate analysis were entered into the model using stepwise regression. The final AKI model included body mass index (BMI), history of hypertension or diabetes mellitus, duration of CPB, and perioperative administration of blood product. Demographic variables, including age, gender, race, and institution, were forced into the final models. Normally distributed data are expressed as mean Ϯ SD, and nonnormally distributed data are expressed as median and interquartile range (IQR). Estimates of effect are expressed as odds ratios (ORs) with corresponding 95% confidence limits. P Յ 0.05 was considered statistically significant. JMP 7.0.2 and SAS 9.1.3 (SAS Institute, Cary, NC) were used for statistical analysis.
RESULTS
Between August 2001 and June 2007, 1141 adult patients were enrolled in the CABG Genomics study. Patients with a history of preoperative renal replacement therapy (n ϭ 3), undergoing off-pump CABG surgery (n ϭ 36), and missing preoperative serum creatinine (n ϭ 7) or plasma NGAL values after CPB (n ϭ 224) were excluded from subsequent analysis. No patient received aprotinin. After exclusions, 879 patients were analyzed for the primary outcome of AKI ( Table 1 ). The 75 patients (8.6%) who developed postoperative AKI were more likely to be female, have a higher BMI, have a lower preoperative hematocrit, have received perioperative blood product transfusion, spend a longer time on CPB, and to have received an intraoperative epinephrine infusion.
Preoperative serum creatinine levels did not differ between patients who subsequently developed AKI and those who did not (AKI: 1.1 mg/dL [1.0 -1.3 mg/dL], median [IQR], vs no AKI: 1.1 mg/dL [0.9 -1.3 mg/dL]; P ϭ 0.34) ( Fig. 1 ). Serum creatinine levels were elevated on POD 1 in patients who developed AKI compared with patients who Preoperative plasma NGAL levels were not different in patients who developed AKI compared with patients who did not (AKI: 75.8 ng/mL [60.0 -110.5 ng/mL], median [IQR], vs no AKI: 69.5 ng/mL [54.8 -94.0 ng/mL]; P ϭ 0.10) (Fig. 2) . Plasma NGAL levels were highest immediately after CPB and were higher in patients who developed AKI compared with patients who did not (AKI: 268.8 ng/mL [207.5-459.5 ng/mL] vs no AKI: 238.4 ng/mL [172.0 -319.1 ng/mL]; P Ͻ 0.001). Plasma NGAL levels decreased toward baseline on POD 1 both in patients who subsequently developed AKI and in those who did not (AKI: 115.0 ng/mL [62.8 -232.6 ng/mL] vs no AKI: 83.9 ng/mL [41.9 -122.4 ng/mL]; P Ͻ 0.001) but remained increased through POD 4 compared with baseline preoperative levels in patients who developed AKI.
The ROC curves are shown in Figure 3 . An optimal serum plasma NGAL cutoff of 353.5 ng/mL measured immediately after CPB was determined by the ROC curve to correspond with a sensitivity of 38.7%, specificity of 81.5%, a positive predictive value of 16.3% for predicting AKI, and a C-index of 0.641. We did not evaluate time points beyond POD 3 because serum creatinine peaks at this time point. The defined optimal cutoff of 353.5 ng/mL measured immediately after CPB was correlated with postoperative AKI (univariate model r 2 ϭ 0.026; OR, 2.6; 95% confidence interval [CI], 1.4 -4.4; P ϭ 0.0003). After adjusting for clinically relevant risk factors for postoperative AKI using multivariable logistic regression analysis, plasma NGAL levels Ͼ353.5 ng/mL measured immediately after CPB remained independently associated with postoperative AKI (multivariable model r 2 ϭ 0.067; OR, 2.3; 95% CI, 1.5-6.5; P ϭ 0.002). In this multivariable model, BMI and duration of CPB were also independently associated with AKI (OR, 1.05; 95% CI, 1.00 -1.09; P ϭ 0.04 vs OR, 1.01; 95% CI, 1.00 -1.01; P ϭ 0.01, respectively). The median serum creatinine levels did not differ significantly at any perioperative time point between patients stratified by plasma NGAL levels (more than or less than 353.5 ng/mL measured immediately after CPB) ( Fig. 4 ).
DISCUSSION
A reliable biomarker for predicting AKI early after cardiac surgery might result in earlier therapeutic intervention to limit associated morbidity. In a cohort of relatively healthy surgical patients undergoing primary, nonemergent CABGonly surgery, we found an 8.6% incidence of AKI. After adjusting for clinically relevant perioperative risk factors, Plasma NGAL Levels After Adult Cardiac Surgery plasma NGAL levels measured immediately after CPB were independently associated with postoperative AKI. However, despite this association, the corresponding sensitivity and specificity of plasma NGAL for predicting AKI was 38.7% and 81.5%, respectively, with a positive predictive value of 16.3%. Thus, these data suggest that assessing early plasma NGAL alone has limited utility for predicting AKI after CABG surgery.
Recent findings suggest that urinary NGAL is a sensitive and specific marker of kidney injury in both adult and pediatric patients undergoing cardiac surgery with CPB. 11, 13, 17 In adult cardiac surgical patients, Wagener et al. 18 demonstrated that increased urinary NGAL measured 3 hours after surgery was associated with the highest risk for developing postoperative AKI. More recently, Wagener et al. 12 confirmed these findings in a larger study of adult cardiac surgical patients by demonstrating that urinary NGAL levels measured immediately after surgery reflect the extent of intraoperative renal damage sooner and more effectively than postoperative serum creatinine levels. However, the authors report an area under the curve of 0.61 at the 18-hour postoperative time point with a corresponding sensitivity of only 39.2%. The authors explain this unanticipated finding as a result of the limitations of currently available definitions for acute postoperative renal injury, namely, postoperative serum creatinine levels.
In this study, we hypothesized that plasma NGAL measured immediately after separating from CPB could serve as an effective marker of postcardiac surgical renal injury. However, despite a significant association between post-CPB plasma NGAL levels and postoperative AKI, the corresponding sensitivity, specificity, and positive predictive values of plasma NGAL for predicting AKI was low. Alternatively, the model performance for the univariate association between early postoperative plasma NGAL level and AKI was low, meaning that plasma NGAL explains only a small fraction of the variables associated with postoperative AKI. As clinically relevant risk factors for postoperative AKI were added to the multivariable model, we observed an improvement in overall model performance to predict postoperative AKI. Therefore, although increased plasma NGAL levels are clearly associated with postoperative AKI, the remaining variability may explain the poor overall predictive value of plasma NGAL in this cohort.
Although the strengths of this study are its sample size and power to detect an association between plasma NGAL and postoperative AKI in a low-risk population of adult cardiac surgical patients with a relatively low incidence of AKI, there are limitations that warrant consideration. First, our primary outcome of AKI defined as a Ն50% increase in postoperative serum creatinine from preoperative baseline levels represents only one of a few recently defined classes of AKI. In recognizing the potential implications of relatively small changes in serum creatinine levels on clinical outcomes, the Acute Dialysis Quality Initiative group proposed a classification scheme for AKI termed RIFLE (Risk of renal dysfunction, Injury to the kidney, Failure of kidney function, Loss of kidney function, and End-stage kidney disease). 16 More recently, the Acute Kidney Injury Network proposed a modification to the RIFLE classification, whereby only 3 classes of kidney injury are recognized. 19 Despite these recommendations, definitions of AKI after cardiac surgery continue to vary. 6, 7, 20, 21 In the interest of consistency and reproducibility, we chose to define AKI as Ն50% increase in postoperative serum creatinine from preoperative baseline levels, similar to recently published reports describing the value of urinary NGAL as a predictor of AKI in both pediatric and adult cardiac surgical cohorts. 11, 13, 17, 18 Although some authors have stipulated that an increase in postoperative serum creatinine levels must occur within 48 hours of surgery to ensure that AKI is related to the inciting event, 19 these consensus criteria were not specific for cardiac surgical patients, because increase in serum creatinine can occur as late as 72 hours after cardiac surgery. 22 Thus, we accepted an increase in serum creatinine that occurred within 96 hours after surgery in defining our outcome. Second, although our data identify a distinct peak for plasma NGAL that occurs immediately after CPB, our study design precludes us from identifying the true peak, because we did not sample additional time points between the post-CPB time point and POD 1. In studies that examined the value of urinary NGAL as a marker of AKI, more frequent measurements revealed that urinary NGAL does not peak until 3 to 4 hours after surgery. Accordingly, we may be underestimating the peak, and as such, the predictive value of plasma NGAL as a marker of AKI. Third, emerging evidence suggests that NGAL is expressed by injured renal tubules after ischemic insult. 11 Therefore, an immediate postoperative increase in urinary NGAL levels after cardiac surgery may be a more sensitive marker of ongoing renal injury, whereas the immediate increase in plasma NGAL levels may reflect ongoing injury in an array of tissue beds. 10, [23] [24] [25] A prospectively designed study to examine both perioperative serum and urine NGAL levels at more frequent time points (possibly every 2 hours for the first 18 -20 hours) after cardiac surgery might not only address the predictive value of each biomarker but also better define an optimal time for measuring postoperative NGAL. Finally, our findings may be subject to selection bias of low-risk patients. Thus, there may be greater value for plasma NGAL as a marker of AKI in a subset of more critically ill patients undergoing cardiac surgery.
CONCLUSION
Increased plasma NGAL levels measured immediately after CPB are associated with AKI after CABG surgery. However, the low predictive value of early plasma NGAL level limits its utility for diagnosing postcardiac surgical renal damage. A prospective study design with more frequent sampling around the time point immediately after CPB may better define a plasma NGAL level with higher predictive value for AKI after adult cardiac surgery.
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